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Abstract
The renewed interest towards the low range power plants operating solicits the search of optimal solutions in terms of several key 
aspects:
- The optimization of the thermal cycle in relation with the heat addition source, say an externally fired combustor, solar 
energy collectors, or waste heat from topping processes, together with the choice of the most favorable operating fluid.
- The realization of the power plant with affordable costs, so more suitable with its employment as a distributed energy 
systems.
This paper deals, in particular, with a combined cycle plant consisting of a topping micro-gas turbine (MGT) and of a bottoming 
ORC system (fig. 1 and fig. 2). A hybrid energy source is considered by means of the integration of the conventional fuel supply 
with a solar field. The authors’ work proceeds with the optimization of several main parameters, say:
- The location and the size of the solar field (with parabolic trough assembly) and, therefore, of the temperature limits of 
the compressed air in the MGT;
- The more appropriate working fluid in the ORC bottoming plant;
- The off-design response for the best adaptation of the system to variable heat and power demands and to changes in the 
solar radiation intensity.
© 2015 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Scientific Committee of ATI 2014.
Keywords: Concentrated Solar Power (CSP) Plant; Global Electric Efficiency (ȘJHO2UJDQLF5DQNLQH&\FOHV25&V$FHWRQH5D5ID
MGT – Micro Gas Turbine, MGT/CSP/ORC represents the entire plant with MGT that works with CSP and feed the ORC plant
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1. Introduction
Concentrated Solar Power (CSP) systems produce heat or electricity using collectors to concentrate the sunrays to 
a receiver where a thermal fluid can reach temperatures typically between 400 and 1000 °C [1].
These plants convert high temperature heat into mechanical energy through a thermodynamic cycle and then into
electrical energy by an alternator. CSP installed capacity, especially in Spain and USA, has been growing up rapidly 
and it has been reached 3,4 GW at the end of 2013 [2]. Notwithstanding this positive trend, the contribution of this 
technology to renewable energy supply is still marginal due to its electricity generation cost that is still higher than 
competing technologies [3]. In the case examined in this work, the CSP integrated system consists of a mirror solar 
field and of a micro gas turbine (MGT). CSP plants are typically much larger than photovoltaic installations, in fact, 
having a look at the actual panorama of CSP facilities, it can be noticed that most of them, especially if based on 
Parabolic Troughs, are over the 50 MW range of power output, while the photovoltaic has a large diffusion in the 
small-scale section [4].
The reason of the large scale is linked to the better plant optimization in terms of specific costs, thermal storage and 
efficiency [4].That is why the trend is towards larger and larger CSP plants, unless cost saving solution are found in 
the small scale range. As a first step, if excluding molten salt option due to the plant complexity to avoid salt 
solidification, the best option seems to be the synthetic oil option. 
This paper aims to investigate the possibility to use the heat power captured by the CSP collectors as a an energy 
source to be supplied to the air working in a Micro Gas Turbine. The MGT employment in a wide range of power or 
combined generation applications solicits the academic and industrial researchers to define an optimal operating range 
in terms of both energetic and environmental performance [5]. The micro-gas turbine based energy conversion systems 
represent one of the most recently developed devices for power generation also for cogeneration application [6].
Therefore, the authors objective is implementing the MGT (100 kW Electrical Power) within an integrated system that 
could use the heat power from solar field. They also evaluated the possibility of utilize the waste heat from the MGT 
to feed a bottoming ORC system, whose typical application is in the low-grade energy recovery. Actually, in the 
energy-to-power conversion industry, the thermal efficiency becomes uneconomically low when the exhaust-stream 
temperature drops below 370°C. However, recovering low-grade waste heat in power generation becomes 
economically feasible when using ORCs. For countries with low fuel prices such as the U.S., waste-heat recovery with 
ORCs may yield economic benefits. The recovery value is greater for countries with high fuel prices [5].
Aim of this work is to investigate the feasibility of small-scale integrated CSP-MGT-ORC plants (up to 100 kW) in 
order to develop an experimental equipment as an additional heat energy source for a 30 - 100 kW class micro gas 
turbine.
Nomenclature
m Mass Flow
P Power
Q+ heat power
N Nominal speed (rpm)
H Lower heating value
condTsat
p Saturation pressure at the condensation Temperature
Greek
K Efficiency
ȕ Pressure Ratio
subscripts
air Air
fuel inlet fuel
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el Electric output
gel Global Electric
m Mirror 
mec Mechanical Output
p Pressure
sun The direct normal solar irradiation incident on the collector
therm Thermal Input
t Turbine
2. Topping Micro-Gas Turbine (MGT)
In order to simulate and design a combined cycle plant consisting of a topping micro-gas turbine (MGT) and a 
bottoming ORC system with a hybrid energy source, the authors first validated the MGT (Turbec T100)
thermodynamic model [8]. The numerical results, obtained through two commercial software, have been compared 
with the datasheet of the MGT. In this way, a MGT model has been obtained, ready to be used in the combined cycle 
plant design and optimization. In this simulation, a fully regenerative cycle has been considered [1].
In theTable 1, the parameters to be introduced into the simulations have been calibrated in order to fit the actual levels
of Electrical and Mechanical output (kW). It is important to notice that these parameters are almost similar to the 
datasheet ones, so that the authors could be more confident about the combined cycle plant simulation.
In the following paragraphs, the other components of the innovative Power Plant will be analyzed. A thermodynamic 
model of every component have been implemented and validated. At the end, all components have been matched to 
examine the innovative CSP-MGT-ORC Power Plant, according to the scheme in Fig. 6.
Table 1 Simulated models Validation (part-a)
MGT DATA COMPARISON
Turbec T100 datasheet AspenPlus® Results Thermoflex® Results
ȕ 3.9 3,9 4.3
Compressor Polytrophic 
(IILFLHQF\Ș 0.80 0.80 0.80
Turbine Polytrophic 
(IILFLHQF\Ș 0.83 0.83 0.83
Table 2 Simulated models Validation (part-b)
Regenerator Efficiency 0.877 0.917 0.877
“Compressor Output 
temperature ( T2)”
468 K 476 K 463 K
“Combustor input 
temperature (T6)”
905 K 906,4 K 899 K
“turbine Input 
temperature (T1)”
1223 K 1223 1223 K
“turbine Output 
temperature(T4)”
951 K 945 K 957,7 K
“Regenerator Outlet 
temperature (fully 
regenerative Cycle-(T5)”
530 K 530 K 534 K
“Rated Mechanical 
Output”
110 kW 109 kW 111,9 kW
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N 64000 rpm 64000 rpm 64000 rpm
airm 0.808 kg/s 0.75 kg/s 0,808 kg/s
fuelm 0.00695 kg/s 0,0065 kg/s 0.0071 kg/s
Table 3 Simulated models Validation (part-c)
MGT ENERGETIC PERFOMANCES COMPARISON 
Rated Electrical Output 
“Pel”
100 kW 99 kW 105 kW
Rated Mechanical Output 
“Pmec”
110 kW 109 kW 111,9 kW
3. MGT energy sources (integration of conventional fuel supply with a Heat power from solar field)
After the validation of the MGT thermodynamic model, a solar field with parabolic trough assembly has been 
introduced in order to obtain a hybrid energy source through the integration of the conventional fuel supply with heat 
from solar field. All the most important parameters of the solar field were found in literature [8][9] and starting from 
these values, the MGT net global electric efficiency has been calculated as:
ifuel
el
netgel Hm
P

 K
In the Fig. 1 the MGT configuration is shown and the yellow box (Q+) represents an additional thermal energy supply 
from the solar field, in terms of heat power from the sun that gains in the parabolic trough. By varying the incident 
solar power (Q+ in Table 4), the same Electrical Output (100 kW) and the same turbine inlet temperature (1223 K)
were considered, in order to evaluate the variations in both fuel consumption and net efficiency. Of course, the
effective heat power that reaches the engine fluid is less than the one that is incident on the solar collectors (Q+), since
the mirror and the heat transfer efficiencies have been considered. Table 4 shows the results in terms of temperature, 
fuel flow, air flow and MGT net global efficiency as a function of the heat solar power (Q+). As it was be expected, 
the MGT net global efficiency reaches the highest value of 30,39% (Table 4) when the solar power is maximum.
Fig. 1 MGT scheme
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The introduction of this solar plant could be helpful to fuel saving. As stated above, at the maximum “solar field” heat 
power the fuel consumption (at the nominal point) is of 0,0071 kg/s in comparison with 0,0077 kg/s without solar 
field. The table 4 summarizes and underlines how the chief parameters change by varying the operating conditions.
Table 4, also, displays the variation in T5 (exhaust gas temperature after regenerator - Fig. 1) and the recoverable heat 
power from the exhausts ( gasQ ).
Table 4.  Chief parameters changing.
Variable Solar 
Radiation(Psun)
0 kW 50 kW 100 kW 150 kW 200 kW
T2 K 482,9
T7 K 482,9 542,4 601,2 659,3 716,7
T6 K 871,2 877,9 884,6 891,3 898
T1 K 1223
T4 K 923,2 923,1 923 923 922,9
T5 K 547 597,4 647,4 696,9 745,8
airm kg/s 0,808
gasm kg/s 0,8157 0,8155 0,8154 0,8152 0,8151
fuelm kg/s 0,0077 0,0075 0,0074 0,0164 0,0071
fuelQ kW 354,6 348 341,4 334,9 328,3
gasQ kW 149,0284 192,1481 234,933 277,2454 319,0627
Fuel saving % 0 1,03 1,04 1,05 1,08
Mechanical 
Power
kW 110
Net Efficiency 
(Without Qsun)
% 28,23 28,74 29,27 29,82 30,39
4. Bottoming ORC system (plant scheme and the selected fluids 
The MGT heat power outlet at the temperature T5 (table 4) represents the inlet heat power of the ORC system [13].
Thermodynamic analysis, in this case, was utilized as a design tool. The validity of the results depends on the choice 
of input parameters which in this case were recruited as reported in table5. Starting from some hypotheses about the 
machine efficiency [13] (table 5) the ORC plant was studied by varying the organic fluids, evaluating the net global 
efficiency. In the Table 5, fig. 2 and next paragraphs the chief parameters, the plant scheme and thermodynamic fluids 
properties are respectively reported.
Table 5.  Chief parameters of the ORC plant
Pump ɻpolytropic=70%
heater Hot oulet temperature=373 K
Expander ɻpolytropic=70%
Condenser x=0
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Fig. 2 ORC plant scheme without regeneration (a) ; ORC plant scheme with regeneration.
4.1. R134a (CF3-CH2F)
R134a is an alkyl halide normally used as cooling fluid and its main thermodynamic properties are reported in
references [12]. According to these values, a condensation pressure of 10 bar has been supposed, corresponding to a 
condensation temperature of 40 °C. (R134a: Critical pressure 4.059 MPa; Critical temperature 101,1°C; Boiling 
Temperature (101,3 kPa) -25,9°C; Self-Ignition Temperature 770°C)
4.2. R245fa (C3H3F5)
The second organic fluid considered is R245fa (C3H3F5). In [15] the main thermodynamic properties are reported.
Taking into account these values, the condensing pressure is 2,5 bar, corresponding to a phase change temperature of 
40 °C. Also in this analysis, a Rankine cycle has been the starting case, assuming two different pressures and 
temperatures: (R245fa: Critical pressure = 3,65 MPa; Critical Temperature =154,1 °C; Boiling Temperature (101,3 
kPa) = 15,1°C; Self Ignition Temperature = 700°C; Instability Temperature 250° C).
4.3. R143a (C2H3F3)
R143a is a HFC with ODP=0 with a GWP equal to 4300. This is a wet fluid and its critical temperature is 72,7 °C 
and  critical pressure is 37,6 bar. Its maximum temperature to avoid instability is 376,85 °C and the condensing 
temperature is 40° C at 18,5 bar.
4.4. Ammonia (NH3)
Ammonia is a compound of nitrogen and has the appearance of a colorless and toxic gas, but despite its dangers, it 
was decided to take it into consideration to evaluate the features. It represents an ecological fluid in all respects, as are 
both zero ODP and GWP. Ammonia is a wet fluid, has a critical temperature of 132.25 ° C, a critical pressure of 
113.33 bar, a maximum use temperature equal to 426.85 ° C and a pressure of condensation equal to15.6 bar (at 40°C).
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5. Combined Cycle Optimization
Starting from the simulation above described, the results obtained by the thermodynamic analysis are discussed. As 
already said, the MGT has been coupled with a solar field (CSP) [16]. This was done in order to save fuel by using 
solar heat power. Then, the output heat power from MGT/CSP was used to feed an ORC system. 
As known, the ORC system needs a low level of temperature to activate the cycle (up to 200° C) so that the MGT/CSP 
output temperature is high enough to activate the Organic Rankine Cycle. This solution allows a further availability 
of electrical energy that derives from the introduction of the bottoming ORC plant. As seen, a combined plant was 
designed [17].
The amount of produced energy was represented in the following diagrams (Fig.3, Fig. 4, Fig. 5). In these diagrams 
the variations in the ORC evaporating pressure are normalized by the Xp factor (1):
 
cond
cond
Tsatcrit
Tsateva
p
pp
pp
X


 (1)
This factor allows a more appropriate comparison of the results obtained by varying the organic working fluid. Its
values were established at 0,25; 0,5; 0,75.
With continuous line is traced the Electrical Power Output of the only ORC plant, while the dashed line displays the 
global electric efficiency with three different solar power supplies. Three macro cases are reported to underline the 
difference between a simple combined plant and a hybrid solar/combined one:
x Heat from solar field(Q+): 0 kW
Fig. 3 Results Power: Continues Line, Efficiency: Dash line
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x Heat from solar field (Q+) 100 kW
Fig. 4 Results Power: Continues Line, Efficiency: Dash line
x Heat from solar field (Q+) 200 kW
Fig. 5 Results Power: Continues Line, Efficiency: Dash line
As it is possible to detect in the Fig. 3 (i.e., heat solar field 0 kW), the ammonia attains the best value in terms of  
MGT/CSP/ORC global electric efficiency (net efficiency) and ORC electrical output. Actually, with this fluid a power 
of about 20 kW and a net efficiency equal to 35%  could be reached.
These values will increase by increasing the solar field heat supply, so reaching the value of 40 kW and an overall 
efficiency of over 43%. As previously said, the toxicity of ammonia avoids us to utilize it for experimentation (until 
it will find a way to control the toxicity) Another interesting results is given from R245fa, that reach the value of 
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almost 16 kW and a net efficiency of 34% (heat from solar field: 0 kW). With the maximum heat from solar field we 
had 30 kW and almost 41% of net efficiency. In the diagrams we can observe the other power and efficiency variations 
for the different fluids.
Fig. 6 - Innovative CSP-MGT-ORC Power Plant Scheme.
6. Conclusions
In this paper the utilization of the solar field as an additional energy supply for the MGT compressed air heating 
has been initially presented, inducing a poor impact on the fuel consumption. In fact, the results shown in table 4 
demonstrate that the fuel consumption will be reduced by only 2%. In order to obtain this result a solar field of more 
than 1300 m2 of collectors surface (this amount refers to all dimensions necessary for the complete installation of the 
solar field), equivalent to a solar radiation Power of 200 kW, is needed. It is important to notice that, the authors made
this evaluations by considering the natural gas as fuel of the MGT, but there are also other ways to feed the MGT. 
Some of the authors [18], in fact, investigated the possibility to use biogas derived from biomass for fuelled the 
analysed MGT. In this way, the entire plant could improve its renewable aspects and this will discussed in the part B 
of this work.
The sophisticated Plant scheme has a big impact on the investment cost, so it will need a careful study and evaluation 
before proceeding with the manufacturing of this kind of plant. Furthermore, the solar field works at nominal point 
just for a little period of the day, while the MGT could work 24 hours a day. Therefore, the net efficiency of the entire 
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combined plant will increase by 7-8 perceptual points when the solar field works at nominal operating conditions (i.e., 
200 kWtherm at the maximum Solar Irradiation). 
Another important consideration about the waste heat recovery can be made. As a natter of fact, the MGT waste heat 
is largely sufficient to activate a bottoming Organic Rankine Cycle. Starting from this consideration, a parametric 
analysis, aiming at the evaluation of the electrical Power obtainable from the ORC plant, has demonstrated that the 
additional power output can achieve a 35 kW level.
The utilization of the ORC system as bottoming plant for converting into electricity the waste heat waste from the 
MGT gives a very interesting results and, therefore, the correct selection of the organic fluid and of the expander type 
is fundamental. The authors underline that the selection of organic fluid can lead to relevant differences in terms of 
overall electric efficiency but, under this aspect, a key role is played by the choice of the ORC plant expander [19].
This component must be first selected by an iterative procedure [20][21] and then a CDF simulation campaign will
evaluate the interaction of the fluid with the machine and the flow regime. This development of the authors' study is 
presented in the part B of this work [22].
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